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Abstract 


The absolute rate constant for the reaction NH 2 + NO products has been 
measured at five temperatures ranging from 216 to 480 K by the technique of 
flash photolysis-laser induced fluorescence (FP-LIF). NHg radicals were 
produced by the flash photolysis of ammonia and the fluorescent NH 2 photons 
were measured by multiscaling techniques. At each temperature, the results 
were independent of variations in [NO], total pressure, and flash intensity 
(i.e., initial [NHg]). The results are best represented by the expression 
k = (2.77 ± 0.89) x 10~ 7 T~ 1,67 ± 0,05 cm 3 molecule” 1 s" 1 , where the error 
quoted is one standard deviation. The results are compared with previous 
determinations using the techniques of mass spectrometry, absorption 
spcotroscopy, laser absorption spectroscopy, and laser induced fluorescence. 
The implications of the results are discussed with regard to combustion, post 
combustion, and atmospheric chemistry. The results are also discussed 
theoretically. 


Introduction 

The reaction of NH 2 with nitric oxide, 

NHg + NO -*• products, (1) 

is of both laboratory and practical interest. In addition to the rate 
constant for reaction (1), the products of the reaction also must be known to 

explain the products from the photolysis of NH„, in the presence of NO. 

1 ^ 

Bamford suggested that the products were exclusively H o 0 and N 0 . His results 

*2 o d 

were corroborated by Serewicz and Noyes and Srinivasan. Unit quantum yield 

4 

measurements for N g by Jayanty et al. at T = 298 K and ammonia pressures of 7 
torr or less, would seem to quantitatively confirm Bamford' s claim. Even 
though this channel for reaction represents a considerable rearrangement, both 

5 

products have been detected in direct experiments by Gehring et al. and 
Silver et al. Such a rearrangement very likely suggests the formation of an 
adduct. Nonetheless, the question of whether N 2 and HgO formation represents 
the exclusive channel for reaction has been questioned in connection with 


2 


6 V 8 9 

modeling 1 the "Thermal De-NO " process of Lyon 0 '* and in the flame oxidation 

10 7 x 

of NH^. Miller et al. were the first to suggest that the necessary chain 
branching cannot occur unless reaotion (1) creates radicals (i.e,, either OH + 
NgH or OH + Ng + H) at about equal rates as the HgO + Ng channel. Other 
channels have been considered and rejected. ^ Though searches for H atoms 

have been attempted in direct studies of this reaction, H atoms have not been 

611 611 
observed. ’ OH has, however, been observed in two studies, * and this 

would seem to indicate importance for OH + NgH products. Silver et al.^ 

suggest 0.5 ± 0.3 for this fractional branch. However, more recent 

1 1 

experiments, reported by Wolfrum, have tentatively required the branching 
ratio to OH + NgH to be < 0.15. Thus, one of the goals of the present study 
is to assess whether OH is an important product from reaction (1) in agreement 

g 

with Silver et al, or whether only N p and H„o are formed in agreement with 

4 ^ ^ 11 

Jayanty et al. and, now, perhaps with Wolfrum and co-workers. 

A second goal is to determine the overall rate constant for reaction (1) 

over an extended range of temperature which includes that of the troposphere 

12 

and stratosphere. NHg radical reactions in the atmosphere, particularly 
that with NO, will affect both tropospheric NH^ and NO distributions. 

To date there have been eight determinations'*’ ’ ” of the absolute 

rate constant for reaction (1) at or near 298 K, with half of the studies 
appearing in the last three years. The agreement between these studies is not 
very good, the discharge flow studies yielding values about one half of those 
found in the flash photolysis experiments. The agreement between the three 
studies 0 ’ ^ ^ of the temperature dependence of this rate constant is also 
less than satisfactory. A detailed comparison and discussion of the results 
at 298 K as well as the temperature dependence is reserved for the discussion 
section where our own results are also inoluded. 

Because of the intrinsic importance of this reaction in chemical 
kinetics, its importance in combustion, post combustion and atmospheric 
chemistry, and especially in view of the lack of agreement amongst the 
previous studies, we undertook the present study. Here we have employed flash 
photolysis coupled with laser Induced fluorescence detection of NHg and have 
covered the temperature range 216 to 480 K. We also report experiments on the 


3 


possible formation of OH as a product of reaction (1). 


Experimental 

The present experiments were carried out using the flash photolysis-laser 

induced fluorescence technique. Our original flash photolysis-resonance 

fluorescence apparatus designed for detection and monitoring of 0, H f Cl, Br, 

N, etc., was recently modified by the replacement of a larger reaction cell 

for the study of reactions of OH. The original apparatus and the modlfica- 

i q 

tions to it have been described in detail previously. The considerably 
reduced scatter from the larger reaction cell prompted us to replace the 
microwave discharge lamp with a CW dye laser as source of resonance radiation 

in an attempt to detect NH ? , This technique has been utilized to study this 

, , 6,14,17,18 

reaction previously. 

The laser system consisted of an Argon ion pump laser (Spectra Physics 
Model No. 170) coupled with a dye laser (Spectra Physics Model No. 375). A 
solution of the dye Rhodamine 6G (Eastman Kodak) in ethylene glycol (1.5x10 ^ 
Molar) was flowed through the dye laser. Laser power from the argon ion laser 
was 5 to 8 watts, while power from the dye laser averaged from 125 to 175 
milliwatts. Since it was necessary to have the output wavelength correspond 
precisely with NHg absorption (570.3 nm) an etalon was used, and the following 
tuning technique was developed. A small fast flow discharge system containing 
a compact glass resonance cell was constructed and located immediately 
adjacent to the flash photolysis system. Pumping was provided by a large 
mechanical pump. The exterior of the cell was coated black and the cell was 
provided with Wood's horns and optical windows. 

The laser beam passed through the first window into the cell while the 
second window was used for visual observation of the interior of the cell. A 
dilute solution of ammonia gas (10%) in helium flowed through the cell at a 
total pressure of approximately 1 torr. A microwave discharge on the gas 
entrance tube produced NH^ radicals. After roughly tuning the dye laser to 
approximately 570.3 nm using a small monochromator, fine tuning to NH,, 
absorption was accomplished by visually observing the interior of the small 
glass cell. When the output wavelength of the dye laser was 570.3 nm, NH 2 


4 


radicals flowing through the cell in the path of the laser beam fluoresoed. A 
mirror was mounted between the dyo laser and the flash photolysis reaction 
cell so that the laser beam could be deflected into the small resonance cell 
for periodic wavelength checks. 

l'n order to minimize scattered light from the laser beam inside the 
reaction cell, sidearms were connected on opposite sides of the reaction cell 
and compression sealed with "0” rings to the walls of both the reaction cell 
and the vacuum housing. The sldearm through which the laser beam entered was 
sealed with a quartz window perpendicular to the laser beam, while the sidearm 
through which the beam exited was sealed with a quartz window at the Brewster 
angle to the laser beam. 

At right angles to both the laser beam and the flash lamp, the 
fluorescent photons were collected by a quartz lens-collimator-interference 
filter system (577.7 nrn, Ditric Optics, Ino.) onto an EMR 541 E 
photomultiplier tube. For minimum dark current the photomultiplier tube was 
operated between -20 and -3Q°C by passing cooled dry nitrogen gas through a 
coil around the tube. The fluorescent photons were recorded in repetitive 
flashes with a multichannel analyzer. A 175.0 nm Ditric Optics Inc. 
Interference filter with a skewed frequency width at half maximum of -13 and 
+25 nm was mounted above the flash lamp to isolate the photoflash. 

Fresh reaction and diffusional correction mixtures were prepared daily. 

We estimate that the flowing mixtures inside the reaction cell were 
replenished every 2-3 flashes. In the experiments, total pressures were 
varied by a factor of 2-4 and [NO] by a factor of five. Due to practical 
limits of flash lamp voltage and fluorescent signal, conditions could not be 
varied as greatly in the high-temperature experiments even though substantial 
variations were possible. 

Gas handling techniques have been described in detail in previous reports 
1 9 

from this laboratory. Argon (Matheson, 99 . 9995% ) was used as a diluent in 
mixtures. Ammonia (Air Products, 99.99$) was purified by bulb-to-bulb 
distillation at -110°C, retaining the middle third. Nitric oxide (Matheson, 
99.0$) was bulb-to-bulb distilled from liquid oxygen (~183°C) and the middle 


third was retained. There was no blue color present in the solid sample. 

Results 

Absolute rate constants for the reaction were measured under pseudo-first- 
order conditions, with [NO] » [NH 2 D . The decay of NH 2 radicals is thus given 
by 


intMHgJ = -k 0b3erved t + wtNHg] 0 . 

The observed pseudo-first-order decay constant is represented by 


(2) 


k . . = k, [NO] + k, 

observed 1 d 


(3) 


where k^ is the bimolecular rate constant for reaction (1) and k^ is the 
first-order rate constant x'or diffusional loss of NH 2 radicals from the 
reaction volume viewed by the photomultiplier. Since accumulated fluorescent 
counts are proportional to [NHg], k observed and k d are obtained by linear 
least squares methods from plots of the logarithm of accumulated counts 
against time. Typical examples of the linear plots obtained of an 
(counts-background) against time over one and a half to two decay lifetimes 
are given in Figure 1 for the reaction at 480 K. Similar experiments with 
[NO] = 0 were performed to give k^, and k 1 values were calculated from 

^observed by means of ec * uation (3). 


Rate data for the reaction of NH 2 with NO at the various experimental 
conditions employed in this study are presented in Table 1. The indicated 
errors are at the one standard deviation level as determined from repeated 
determinations. The rate constant decreases with increasing temperature and 
this temperature dependence is shown in Figure 2 as a plot of k vs T. A 
linear least squares treatment of the data over the temperature range 216-480 

K yields the expression k = (2.77 ± 0.89) x 10~^ cm^ molecule"" ^ 

-1 

s . This expression is shown as the solid line in Fig. 2. 


Discussion 


6 


The results of all determinations of the rate constant for the reaction 

NHg hO at 298 K, including the present study, are summarized in 

chronological order in Table IX. With one exception, they are all direct 

determinations of the absolute rate constant based on monitoring of NH,. using 

1 '■? 1^16 d 

absorption spectroscopy, • 3 laser absorption spectroscopy, 0 or laser 

6 1 7 18 

induced fluorescence. 1 ’ * The single exception is the study of Uehring 

et al. whose value for is based on fitting curves for the decay of NO and 
the formation of N g as determined by mass spectrometry. 

The room temperature results fall readily into two groups. There are 

14-17 

four previous studies employing the flash photolysis technique which 

yield an average value of k. » 1*9 x 10 cm 0 molecule” s“ . Our value of 
—11 3 —1—1 

2.1 x 10 cm molecule s is consistent with this. Three studies using 

5618 —11 

the discharge flow technique ’ ’ give an average value of k. = 0.9 x 10 

3 —1 —1 13 

cm molecule s” . The oldest study using pulse radiolysis gives the 

—113 —1 —1 

highest result (k^ - 2.7 x 10 cm J molecule” s ), but it is in better 
agreement with the flash photolysis studies. The difference between the 
results from the two techniques is well outside the 10-15% uncertainty quoted 
in most of the studies and appears to be real. It is probably not due to 
differences in total pressure since there is some overlap of the pressure 
ranges: 1 to 700 torr for the flash photolysis experiments and 0.6 to 4 torr 
for the discharge flow experiments. 


The temperature dependence of the rate constant was examined in three of 
6 15 1 8 

the previous studies. ’ ’ A decrease in rate constant with increasing 

15 

temperature was observed in each case. Lesclaux et al. studied the reaction 

-8 -1 25 3 

between 300 K and 500 K and obtained the result k = 2.09 x 10 T * cm 
-1 -1 

molecule s . Over the temperature range 210-503 K, the data of Hack et 

al. can be represented by k = 4.5 x 10” T~ ' cnr molecule” s’" . Silver 
6 

et al . covered the unusually large temperature range of 294 to 1215 K and 
find that their data over this range are best represented by the empirical 
equation k = 4.38 x 10”^ T” 2 '^ 0 exp(-684/T) cm" molecule” 1 s” 1 . Our result 

_7 _i 67 q _1 _1 

for the range 216 to 480 K is k = 2.77 x 10 T cm 3 molecule s . All 
of these results are compared graphically in Figure 3 over the 200-300 K 
range. Since the data base of Silver et al. include only two temperature 
points in this interval, the individual values of k are given in the figure. 
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For all of the other studies, the data ore represented by linos given by the 

corresponding expression quoted above, uur results are clearly in closest 

1b 1H 

agreement with those of Lesclaux et al. The results of Hack et ol. show a 
temperature dependence similar to ours but are lower by a factor ranging from 
1.5 near 200 K to 1,9 near 500 K. This closely parallels the factor of two 
differences noted above between the flash photolysis and discharge flow 
studies at 295 K, The temperature dependence given by Silver et al. 5 6 * * * * 11 in this 
range is much smaller than that found in the other throe studies. We do note 
that a high temperature extrapolation of the present result would agree with 
the measurements of Silver et al. 6 between COO-1215 K. 

Although the product channel yielding Ng and H g 0 is generally considered 
to represent the most important channel for reaction (1), several additional 
reaction ohannels have been considered. Most prominent among these are the 
following exothermic processes: 


* *2 * H 2°* 

(la) 

N 2 H * OH 

(1b) 

*► Ng + H OH 

(1c) 


5 

Evidence for process (la) was obtained by Gehring et al, and, more recently, 

1 1 

by Wolfrum et al. who detected infrared emission between 1 and 3 p. They 

5 

attributed this emission to vibrationally excited HgQ. Gehring et al. also 

claimed detection of a small amount of the NH ? NO adduct by mass spectrometry. 

Silver et al, report Ng and HgO products, but they also report OH as a 

product of the reaction using both resonance fluorescence and laser induced 

fluorescenoe techniques. Quantitative assessment has led this group to 

suggest a branching ratio for OH channels of 0.4 ± 0.1. They report negative 

results for the species NH^NO, NgH, HN0, HNNO and NgQ with mass spectrometric 

detection. Attempts to detect atomic hydrogen as a product of the reaction 

using ESR^ and Lyman-a resonance fluorescence 6,11 have been entirely negative. 

1 1 

Wolfrum et al. recently reported experiments which confirmed the presence of 
OH in this system. However, these new results have tentatively been explained 
by a branching ratio of less than 0.15. This is a revision of an earlier 
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t'U 

rstimato; ' however, the revision at this stage is only tentative. 

In order to investigate the relative importance of the reaction channels 

yielding OH radicals, the present apparatus was modified by installing an OH 

resonance lamp in place of the dye laser. A dilute mixture of H^O in A r was 

flowed through a microwave discharge lamp and the resultant photons were 

focused into tho reaction coll by a lens-collimator-lens system as described 
19 

previously. in this particular set of room temperature experiments, signal 
from HgO-Ar gas mixtures was compared to that from NH^-NO-Ar reaction mixtures 
to observe the relative concentration of OH radicals in the latter case. 


If the kinetics for presumed OH production and depletion are controlled 
by; 


then (0H) b /(NH 2 ) o 
(0H) t /(NH 2 ) o 


NH 2 + NO H 2 0 + Ng, 

OH + NgH, 

+ OH + Ng + H, 
OH + NH 3 -v H 2 0 + NH 2 , 

OH + diffusion, 
will be given by; 

(k 1b + k 1c> (NU) 
k d + k 2 (NH 3 ) - k 1 CKO) 





k 


2 



-l< 1 (N0)t 


e -( V k 2 (NH 3 » t , 


(NH 2 ) o is the "initial value of (NHg) at zero time. Experiments were performed 

at 20 to rr total pressure and T = 298 K with (NH.J = 50 mtorr and (NO) = 0.5 

— 1 ^ 

mtorr. Under these conditions k p (NH„) = 253 s , and OH removal by NO + M is 

21 c 5 

negligible by comparison. Experiments under identical conditions with (HgO) 
= 60 mtorr yielded a value for l< d = 49 s’* 1 . Since k 1 is known from the 
present work, the exponential bracketed term and the denominator on the right 


D 

D 
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hand side of Eq, (4) ore totally specified. If + k 1e 5 k^, then 
(UH) t /(NH^) Q will attain a maximum value of 0.39 in 3.1 me. 

In order to moke 0 valid comparison, the relationship (i.e., relative 
sensitivities) between (NHg) 0 in the Nllg-NO-Ar experiment and the (QH) 0 in the 
HgO-Ar experiment is necessary* both typos of experiments were performed with 
the 17S, 0 nm filter in the photoflash optical path, and with this filter the 
only significant photolyzing wavelength in on fiashlamp is 174.4 nm where 
absorption coefficients for NHy and HgO are respectively, about 90 and 100 
cm” 1 otm“^ (base e and 273 K), ^ For the known optical path, (NHg) = 50 
mtorr, and (HgQ) s 60 mtorr, the ratio of absorbed light in the NHg case to 
that of HgO is 0.8. Therefore, on the good assumption of unit quantum yields 
for NHg + H and OH + H, experiments performed under exactly the same 
photoflash intensities will give nearly the same initial £H) from either 
souroe, and (NHg) 0 from NHg will be nearly equal to C0H ) Q from HgO, Thus, for 
1<1 b + k^ Q a k,j (whore (0H) t /(NHg) y attains a value of 0,39 in 3.1 ms) the 
maximum signal potentially obtainable in the NH^-NG-Ar experiment would be 
about 30-35% of the initial OH signal from the H g 0-Ar experiment. For a 
photoflash energy of 45 J, the initial signal to background ratio in the 
Hg0-Ar experiment was 13.8 in which case a signal rising to 4.5 times the 
background should have been observed at 3.1 ms in the NHg-NQ-Ar case, We saw 
no hint of OH signal in this latter experiment indloating that the initial 
assumption that k^ b + k 1e = k^ is incorrect. Conservatively choosing a signal 
to background ratio of 1.0 as the limit of detectibillty, we would suggest 
that k^ b + k lc < 1.0/4. 5 k 1 or the branching ratio is substantially less than 
0 . 22 . 


In initial experiments with the NHg-NO~Ar mixtures we did note 
substantial OH production under static conditions; however, OH did not 
maximize as predicted by Eq. (4). Instead it exhibited only first order decay 
which was entirely controlled by kg and k d (reaotlon with NHg and diffusion 
out of the viewing zone). Further experimentation revealed that this signal 
came from ouigassed HgO from the vacuum line. This was established by drying 
research grade Ar (through a liquid Ng trap). This dry sample of Ar was 
photoflashed under static conditions, and OH signal was observed indicating 
unambiguously that absorbed HgO was outgassing from the vacuum line. The 


effect’ wo ft completely removed if Ar was continuously flowed through the cell. 
Thuo, nil subsequent experiments, particularly those deaerlbed above, were 
performed under flowing conditions. 

The present data on OH production are not in agreement with Silver ot 

6 11 
al. but would seem to agree with the tentutivc assignment of Wolfrum et al, 

The implications of this result to the “Thermal Do'-NO" procosa^’^ and to the 

10 * y 

oxidation of NH^ are ambiguous. Following Miller et al. , modelers of both 

systems^* have pointed out the need for substantial branching in reaction 

(1) at temperatures greater than 1000 K. The present conclusion concerning 

radical branching (reactions (1b) and (1e)) is only valid at 290 K, and ouch 

branching may become increasingly important as temperature increases. This 

type of behavior clearly requires further research, 

Theoretical Considerations 

The present negative temperature coefficient a-ong with chemical 

intuition would strongly suggest the initial formation of a singlet 

vibrationally excited nltrosamide adduct from NH y and ho doublet states since 

such behavior is rather common for recombination or addition type reactions. 

5 

Even though the observation of the adduct has been claimed, this observation 
has not been confirmed in later work,^ Also since there is no pressure 
dependence on the observed rate constants, the hot adduct can undergo 
decomposition on a time scale which is short compared to the oollision rate 
with heat bath gas. Adduct formation involves no activation energy; however, 
the energetics for adduct decomposition are not so straightforward. 

In very recent ab initio quantum mechanical calculations Casewit and 

Goddard" give geometries and energies for the various H^N^Q isomers, These 

calculations show that nltrosamide, HJWQ, formation from NH V and NO is 30.0 

kcal mole"* exothermic. Their theoretical results are presented in Figure 4A. 

Unfortunately, the energies for the intermediates between the stable isomers 

were not calculated; however, suoh quantities have been calculated for the 

PM 

isoelectronic case, CH^ + NO, by Adeney et al. * kith the C-N bond energy 
taken at 38 kcal mole” , the relationships between the H^CNO isomers are shown 
also in Figure AB for comparison purposes with the H, ; 'f,0 isomers. What is 


apparent In the comparison is that the stable isomers for both oases are in 
nearly the same relationship, The calculated 1,2 and 1,3 H shifts in the 
nitrosomethane case would indicate substantial activation energies for 
rearrangement. By analogy one would expect similar energetics for the 
nitrosamide ease; i.e., only positive activation energy pathways for 
rearrangement would exist even starting with NH y and NO. Through the 
nitrosomethane analogy, Casewit and Goddard suggest an overall activation 

energy barrier for els and/or brans tautomer formation ranging from 0-10 kcal 

-1 

mole ; however, in view of the work of Adeney et al,, this barrier may be 

2 '■< 

underestimated. Casewit and Goddard” also show that subsequent formation of 
HN„ + OH (reaction (1c) ) would require an overall endothermleity of 12 koal 
mole” . In order to respond to the implications of the "Thermal De-NO " 

y q * 

results , these authors presume that (a) tautomer formation can occur and 

(b) tautomer subsequently reacts with radicals or with NO. We point out that 

(b) cannot be invoked for the conditions of the experimental rate studies. 

For example, in the study by Silver, et al where N 2 and HgO are observed, 

• .’h# initial reactant concentrations were adjusted to such low values that 

*<ubsequert radical or NO reactions with reaction (1) products were impossible. 

With regard to point (a), if the above mentioned analogy between nitroso- 

methano and nitrosamide is correct then it is difficult to rationalize 

tautomer formation in either oa3e. Experimental results indicate no reaction 

even up to 1000 K between 3H« and NO corroborating the energetics given by 
p U 3 

Adeney, et al. and shown in Fig. ilB, Since a very fast reaction does occur 

H 26 

between NH,, and NO (being nearly as fast as N( B) + NO , and occurring in 
about one in 10-20 collisions), low energy pathways exist even though they 
have not yet been theoretically identified. Until ab initio calculations can 
unambiglously identify the energetlos or until totally unambigious experiments 
are performed, the mechanism will remain speculative. 

7 

Miller, et al. have already speculated on several reaction channel 

possibilities and conclude that rearrangement to tautomer (in agreement with 

Casewit and Goddard ) must be occurring with no energy barrier even though, 

as discussed above, the theoretical results probably suggest one. They 

further conclude that HNg + OH is the dominant dissociation process for the 

rearranged vtbratlonally hot tautomer even though the theoretical results 

-1 

indicate a 12 kcal mole barrier. Their conclusions are based on two 


12 



experimental facts: (a) A fast reaction does occur between NH^ and NO, and 

(b) chain branching is necessary to explain the ’’Thermal De-NO ” process. In 

A 

ou>- own speculations on this reaction, which follow, we have considered both 
the experimental and theoretical results. 

Addition Process: Even though an activated complex calculation through a 

direct concerted mechanism with no energy barrier seems attractive since the 

*•15 “I 67 

theoretical temperature dependence is T~ * J (compared to the present T '), 
such calculations are always too low by 2-3 orders of magnitude. This is a 
direct consequence of the entropy decrease in going from reactants to a well 
ordered tight activated complex. 

In order to ootain values which are similar to those observed, the 
activated complex must be taken to be loose. The loosest structure near 
reactants is the Lennard-Jones complex for which activated complex theory 
gives the same expression as collision theory, 


ad 


g N0 8 NH, 3 


12 ^2, 2(8trkT/p ) 


1/2 


(5) 


The reaction coordinate has to be identified as the "vibration frequency" of 
the complex, and the internal modes of NH 9 and NO are taken to be the same in 
the reactants and complex (i.e., freely vibrating and rotating). For g =1, 
g NH = 2f g N0 = + exp(~hc(121.1 cm “S/kT)), and a^ 2 - 3-085 8 27 , k gd can 

be evaluated if p is known. p is a tabulated integral and is a function 

# *- * i - ptl pQ 

of T = kT/e where, in the present case, e^/k a 244 K ' . The results 

are given in Table III. Note that little temperature dependence is predicted 

in contrast to the data. We presume, however, that this loose complex 

description refers to the process of forming the nitrosamide adduct (i,e., 

29 

addition). We note a strong similarity with methyl radical recombination 
except that there are fewer degrees of freedom in the present case. 

Adduct Processes: If nitrosamide adduct is formed then it is Initially 

vibrationally hot. The subsequent fate of the hot adduct then can be 


5 
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considered from the viewpoint of unlmolecular rate theory, and a partial 
mechanism can be written with some certainty: 


( 6 ) 
( 7 ) 

UJ 

H 2 NNO + M ► HgNNO + M, (8) 

If these three steps entirely accounted for the fate of the hot adduot, then 
the observed rate constant would show pressure dependence. No pressure 
dependence has ever been observed. Therefore, some other process depletes 
HgNNO*, 


NHg + NO — Si*. HgNNO*, 

* k b 

HgNNO NHg + NO, 


HgNNO 


products, 


(9) 


and this process has to be thermoneutral or exothermic. Endother.micity would 
imply a positive activation energy. Since tautomer and HNg + OH formation are 
probably endothermic (see Figure 4) , we suggest that the products in reaction 
(9) are HgO + Ng. Of course this suggestion is speculative and is given only 
because the overall process is the most exothermic process possible and also 
because water and nitrogen are known to be primary products experimentally. 

In this event, the activated complex associated with reaction (9) has to be 
tight and five centered, and the barrier has to be lower lying than the hot 
adduct. Ab initio calculations may ultimately reveal a more satisfying 
explanation when the energies of the intermediates are determined. 

RRK Calculations: Because of the aforementioned uncertainties in the 

energetics we have elected to use an RRK rather than an RRKM formulation in 
the present case. RRK A factors for the backward and forward nitrosamide 
decomposition processes can be calculated if the following are known: (a) The 

nitrosamide structure (We use the one determined by the ab initio calculations 


y *C 

of Casewlt and Goddard ; however, we also consider rotation about the N-N 

bond to be free.), (b) the two activated complexes (For the back process we 

use the same Lennard-Jones complex which was used for k Qd evaluation, and 

therefore, the system is microscopically reversible. For the forward 

dissociation we use a pyramidal structure which is based on the bond lengths 

of Casewlt and Goddard with the N-N-0 plane bisecting the NH ? angle.), (o) the 

critical energies (We use the Casewlt and Goddard value of 30.6 kcal mole 

-1 

for the back process. We use 10 koal mole for the forward process.), and 
(d) the number of active oscillators in nitrosamide (We use one half the 
actual number of vibrations.). Explicit expressions for the A factor are; 


\ ■ 


2(2,kT) 5/2 I u I N0 /(X 1 I 2 I 3 ) N h 2 - 1/2 

h^ ^intvl/y \,j ^ 

h u NA ; ' u 1 a 2 a 3 NA 


( 10 ) 


and 


A f • 


bit 


kT 

3 


, 0/2 


, T int. 1/2 
U NA ' 


<W3>* 

(I 1 I 2 1 3 ) NA 


0/2 


(11 


where the I's refer to moments of Inertia for LJ, /, NA, and NO, which are the 

Lennard-Jones complex, the tight five center complex, nitrosamide, and nitric 

oxide, respectively. Also all vibrational partition functions are taken as 

unity. The calculated A factors are listed in Table III, The implications of 

the high rate constant which requires a loose activated complex (Lennard-Jones 

complex) between reactants and NA, in turn dictates (as in methyl radical 

recombination) a high RRK (or for that matter, RRKM) A factor for the back 

process. Conversely, for the forward dissociation path for which the root of 

the moment ratio in Eq. (11) is nearly one, the computed A factors are 2-3 

b 

orders of magnitude lower. The RRK activation function, k^, and k^ values can 
now be evaluated, and this is done in Fig. bA for Ts216 K and 48U K. 


k^ can now be predicted since 



00 


( 12 ) 


(kf + w) 

k 1 = k ad / ; f(e) dCl 

e tJ (k e + k e * w) 
o 

Note that with such few degrees of freedom both dissociation rate constants 

exceed collislonal stabilization, w, by 1-3 orders of magnitude even when w = 

10 s (^1 atm), Thus, no pressure dependence is expected (i.e., w « 0 in 

eq. (12)), and k^ = k gd + k£) where the average is taken over f(e) 

de. The results are given in Table III and are compared to the present data 

in Fig, 5B. The prediction is uniformly higher by ^60$ than the observed 

-1 73 

values but exhibits a remarkably similar T dependence, T , compared to the 
present, T”'*'^, 

Conclusions: The application of any form of unimolecular rate theory to 

any system where the energetics are unknown is always a speculative exercise. 
The present reaction is just another case in point, and this situation 
strongly reiterates the need for unamblguious experimental (dynamical) and 
theoretical (ab initio) studies. Critical energies for dissociations have to 
be known with certainty. 

Even so, the present RRK description is probably qualitatively correct. 

Obvious uncertainties exist in the critical energy for reaction (9) and in the 

number of active oscillators in nltrosamide. Rigorous use of RRKM theory 

would remove the latter but not the former uncertainty. In the limit of 

equilibrium, the A factors (Eqs. (10) and (11)) will be the same for either 

formulation, and therefore, there is not much latitude in the relative ratio 

since the system dictates looseness in the backward, and tightness in the 

forward, dissociation process activated complexes. On the other hand, 

b IT 

relative values of k D to k 1 are strongly dependent on both critical energies 

e e 

and the number of active oscillators, and the use of RRKM (or any other 
unimolecular theory) will still result in a qualitative description if 
critical energies are unknown. 

The qualitative features that are revealed by the calculation are 
interesting. The addition process occurs without activation energy, and the 


16 


rate in dictated by the binary collision rata and electronic degeneracy 
factors, as in methyl radical recombination. The adduct lifetime Is too short 
for oolii&ional stabilization at usual pressures. It subsequently can only be 
depleted by either one of two dissociation paths, one baok to reactants and 
the other forward to products. The forward process can involve a substantial 
rearrangement (entropy deorease) and still dominate if its critical energy is 
lower than that of the back process, In the limit, T + 0 K where f(e) is a 
delta function and k g 0, k £ is still finite (in which case k^ = k ad ). 0n 
the other hand, as T increases, f(e) becomes broader, k* 3 attains value, and 
reaction (7) opens up and competes with the forward process, reaction (9). 
Then, k 1 < k gd 3ince k^ = k g(i k*/(k£ + k^)^), Note, however, that before 
T becomes too large, other dissociation processes at higher critical energies 
can become important. For example, suppose the critical energy for HN,_, + OH 
is the adduct excess energy plus the endothermlcity or 42.6 kcal mole • *f 
this forward dissociation process has a high RRK A factor (dotted line in 
Figure 5A), then it is possible to have substantial changes in product ratios. 
Chain branching is necessary for the "Thermal De-NO^" process and the present 
description offers an explanation. However, we point out that product ratios 
would be expected to be strongly T dependent. 

Lastly, the above discussion rather clearly defines where additional work 
would be desirable. Additional ab initio calculations particularly on 
intermediates would be useful. Accurate experimental investigations on the 
products of reaction (1) as a function of both temperature and pressure would 
be Illuminating. Similar experiments of the dynamical type (molecular beam) 
in order to assess thresholds for products would be the most unambiguious 
study. Spectroscopic studies of the low temperature condensed phase type 
would be interesting because if the present description i3 correct, 
nitrosamide might possibly be stabilized under these conditions. 
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Table 1; Rate Data for the Flash Photolysis— Resonance Fluorescence Study of the Reaction NH. 
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Table 1: Rate Data for the Flash Photolysis-Resonance Fluorescence Study of the Reaction 


Table IX, Comparison of 

Rato Data for the Roaotlon 

+ NO at 298 K 

Reference 

k(arr molecule s) 

Technique 0 

Gordon ot al. (1971) 13 

2.7 x NT 11 

PR - AS 

Gehring ot al. (1973) 5 

(8.3±1.7) x 10“ 12 

DF - M3 

Hancock et al, ( 1 975 ) ' ^ 

(2, 1i0.2) x 10" 11 

FP - LIF 

Lesclaux et al. (1973) 

(1,8±0. 3) x 10" 11 

FP - LA 

Sarkisov et al. (1978)^ 

(1 .7±0«4) x lO" 11 

FP - LA 

Kurasawa (1979)^ 

2.0 x 10" 11 

FP - LIF 

Hack et al. ( 1 97 9 ) 1 8 

(9, 7±0.6) x 10~ 12 

DF - LIF 

Silver et al. ( 1 98 1 ) 8 

(9.6 ± 1 .2) x 10“ 12 

DF - LIF 

This study 

(2.110,3) x 10"* 11 

FP - LIF 


PR: Pulse radiolysis; AS: absorption spectroscopy; DF; discharge flow; 

MS: mass spectrometry; FP: flash photolysis; LIF: laser Induced 

fluorescence; LA: laser absorption. 
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Fi gure Captions 


Fig. 1. Typical dcoay eonstant3 of tho logarithm of NHg fluoroooent counts 
minus background against timo at 480 K, 0 ■ P ? b S torr, P H o o, 
f Njj ^ 238 mtorr , k d o 183 * 11 s” 1 ; □ - P T a 5 torr, P N0 a 1,88 
mtorr, P Njl3 a 838 mtorr, K obaorvo(1 «* 528 * 15 s” 1 , a - P T n 8 torr, 
Pjjy 3 2.51 mtorr, ° 238 mtorr, K ob r, er ,, 0( j s ^22 4 ^7 s 

Fig, 2, Plot of tho bimoleoular rate constant against temperature, • - 

present data at the ono standard deviation level. The linear least 

squares lino is given by k a (2.77 * 0,89) x 10*“^ * °' 0 ^ em^ 

-1 

molooule s , 

Fig* 3, Plot of tho logarithm of tho bimoleoular rate constant against 
logarithm of temperature, Solid line, this work; dashed line, 
Leselaux et al,; 1 ^ dotted line, Hack et al , ; 1 ^ • » Silver et al. & 

2 c j 

Fig* 4. A; Ab initio quantum mechanical estimates from Cosewlt and Goddard 
of the energies of stable H^NgQ isomers relative to the present 
reactants, NH y + NO, 

U; Ab Initio quantum mechanical estimates from Adeney, Bouma, kadom, 
and Kodwell of the energies of stable H^GNO Isomers and 
intermediates relative to CHm+NO where the C-N bond strength in 

W A 

nltrosomethane is taken to b* 38 kcal mole ” ♦ 

Fig. 5. RRK calculation for NH 9 + NO at 216 and 480 K. A: f(c), k b , and 
» e are evaluated at both temperatures, f(e) s k® K(c)/^k^ K(e)de, 
where K(c) o (e n “V(kT) n (n-1 )!] exp <-e/kT>, n=4.5, kj? = A b 
(e-e /€) n "\ k^ s h (e-e'/e) n ”\ e s 30.6 kcal mole e ' = 10 

^ i| t* * v O 0 

kcal mole , Dotted line is an hypothetical k value for HNg + OH 
production at critical energy, 42,6 kcal mole” * 

B; Comparison of predicted, — - with experimental, , values 

of k^ as a function of T, Prediction is made witn eq, (12), 
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